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METHOD AND APPARATUS FOR 
PERFORMING GENERATOR-BASED 

VERIFICATION 

BACKGROUND 

1. Field of the Invention 
The present invention relates to techniques for verifying 

designs for digital systems. More speci?cally, the present 
invention relates to a method and an apparatus for deter 
mining if a trace can be produced by a generator, Where the 
trace is de?ned as a sequence of assignments to the external 
interface signals of the generator. 

2. Related Art 
Verifying a design generally involves deciding Whether 

the design Will guarantee that its outputs satisfy some set of 
properties, under the assumption that its inputs satisfy some 
other properties. The properties the design is to guarantee 
are often expressed as checkers, Which “observe” the 
design’s input/output behaviors and either “accept” or 
“reject” the behaviors. Checkers are also referred to as 
“monitors” or “assertions.” 

In contrast, the input behavior that the design can assume 
is often expressed as a generator, Which “produces” legal 
inputs to the design based on the design’s outputs and 
internal generator states. Hence, the generator provides a 
general model for the legal environments in Which the 
design is intended to operate. 

While checkers and generators are used in different roles 
in design veri?cation, they share an underlying semantics 
Which de?nes a set of input/output traces. More speci?cally, 
a given set of traces can be expressed either as a generator 
or as a checker. Deciding Which representation to use 
involves considering tWo criteria: ease of expression, and 
tool support for a particular form of representation (checker 
or generator) in a particular veri?cation role (assumption or 
guarantee). Neither form of representation is universally 
easier for expressing traces. For instance, the correctness of 
a sorting circuit involves tWo conditions: the values in the 
output array should vary monotonically With the array 
indices, and should be a permutation of the sorter’s input 
array. Monotonicity is more easily expressed in the checker 
representation, While it is easier to use a generator to de?ne 
the set of input permutations that must contain the sorter’s 
output. There does not seem to be any general rule for 
predicting Which traces Will be more easily expressed by 
Which representation. Tool support for the various combi 
nations of role and representation is needed. 

Compositional veri?cation is a methodology Where veri 
?cation of a complete system is performed by separately 
verifying each of the blocks from Which the system is 
constructed. These smaller veri?cation sub-tasks can be 
much more effective With both simulation and formal tools, 
mainly because the exposed block interfaces give better 
controllability and observability. In compositional veri?ca 
tion, one block’s guarantee is used as a connected block’s 
assumption, and vice versa. Consequently, over the set of 
block veri?cations involved in the compositional veri?ca 
tion of a system, a single trace set representation Will need 
to be used in both roles, as an assumption and as a guarantee. 
Thus, the choice of representation for a trace set cannot be 
governed by tool support for the particular role that trace set 
Will play in any one block’s veri?cation, because that trace 
set Will serve the complementary role in some other block’s 
veri?cation. 

Tables 1 and 2 summarize the approaches used by these 
tools to support these representations in the tWo different 
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2 
roles. In both classes of tools, the generator representation is 
most natural in the role of block assumption, and the checker 
representation in the guarantee role. Checkers are also easily 
incorporated as assumptions in formal veri?cation. 

TABLE 1 

assumption guarantee 

checker stimulus generation assertion 
generator testbench trace checking 

TABLE 2 

assumption guarantee 

checker constraint assertion 
generator testbench re?nement checking 

Using a checker as an assumption for, Which is referred to 
as “stimulus generation,” has been recently studied by a 
number of researchers, and a number of solutions have been 
proposed. 

Using a generator as a guarantee is also a non-trivial 
problem. Note that to simulate against a guarantee repre 
sented as a generator, one must test if the trace of a 

simulation run can be produced by the generator. We refer to 
the veri?cation problem as “trace checking.” To date, the 
trace checking problem has not been signi?cantly investi 
gated, and effective solutions have not been developed. 

Hence, What is needed is a method and an apparatus for 
e?iciently performing a trace checking operation. 

SUMMARY 

One embodiment of the present invention provides a 
system that veri?es Whether a trace can be produced by a 
generator. A generator is de?ned as a ?nite state machine 
With a set of input and output signals. The set of input signals 
are divided into parametric inputs and non-parametric 
inputs. The generator uses parametric inputs to model non 
determinism. Atrace is de?ned as a sequence of assignments 
of non-parametric input and output signals of the generator. 
The trace does not contain assignments of the parametric 
inputs. During operation, the system builds a data structure 
to determine if there exists a sequence of parametric input 
assignments that can match the non-parametric inputs and 
outputs of the generator With the ones speci?ed in the trace. 

In a variation on this embodiment, the generator is 
sequentially deterministic, Which means that there exists a 
single next state for each combination of current state, 
non-parametric input and output. In this variation, the sys 
tem uses a data structure to perform a satis?ability test to 
determine if there exist any parametric inputs that can match 
the non-parametric input and output assignment of the 
generator With the ones of the trace at current state. Next, the 
system uses the current state, non-parametric input and 
output to determine a unique next state of the generator. The 
system iterates this test through the sequence of input and 
output assignments in the trace. 

In a variation on this embodiment, the generator is 
sequentially non-deterministic, Which means that the next 
state can depend on parametric input, and consequently 
there can exist more than one next state for some combina 

tions of current state, non-parametric input, and output. In 
this variation, the system determines if the non-parametric 
input and output assignments in a trace are consistent With 
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a generator by determining the set of next states of a 
generator. This determination involves considering all pos 
sible parametric inputs, all states in a current set of states, the 
non-parametric input and the output. If there exists at least 
one state in the set of next states, the system determines that 
the non-parametric input and output are consistent. 

In a variation on this embodiment, the system determines 
the set of next states by computing a forWard image and 
constraining the parametric input and output to their assign 
ments in the trace. 

In a variation on this embodiment, the trace is produced 
by a simulation of a system under test. 

In a variation on this embodiment, the data structure is in 
the form of a binary decision diagram (BDD). 

In a variation on this embodiment, if the non-parametric 
input and output are not consistent With a generator output, 
the trace is not valid. 

In a variation on this embodiment, the generator uses a 
function With parametric inputs to model non-determinism. 

In a variation on this embodiment, if the speci?cation of 
the generator indicates that the block under test is sequen 
tially deterministic, and hence does not depend on paramet 
ric inputs, the method further comprises translating a gen 
erator into a checker and using that checker to verify a trace. 

BRIEF DESCRIPTION OF THE FIGURES 

FIG. 1 illustrates a simple system to be veri?ed in 
accordance With an embodiment of the present invention. 

FIG. 2 illustrates compositional veri?cation in accordance 
With an embodiment of the present invention. 

FIG. 3 presents a simpli?ed representation of an exem 
plary digital ASIC design How. 

FIG. 4 presents a How chart illustrating the process of 
determining if a trace can be produced by a generator in 
accordance With an embodiment of the present invention. 

Table 1 illustrates roles and representations in simulation 
in accordance With an embodiment of the present invention. 

Table 2 illustrates roles and representations in formal 
veri?cation in accordance With an embodiment of the 
present invention. 

Table 3 illustrates a technique for trace checking using an 
SSD generator in accordance With an embodiment of the 
present invention. 

Table 4 illustrates an exemplary SSD generator in accor 
dance With an embodiment of the present invention. 

Table 5 illustrates a stimulus generation procedure in 
accordance With an embodiment of the present invention. 

Table 6 illustrates a technique for trace checking using an 
FSD generator in accordance With an embodiment of the 
present invention. 

Table 7 illustrates a technique for a trace checking using 
an SND generator in accordance With an embodiment of the 
present invention. 

DETAILED DESCRIPTION 

The following description is presented to enable any 
person skilled in the art to make and use the invention, and 
is provided in the context of a particular application and its 
requirements. Various modi?cations to the disclosed 
embodiments Will be readily apparent to those skilled in the 
art, and the general principles de?ned herein may be applied 
to other embodiments and applications Without departing 
from the spirit and scope of the present invention. Thus, the 
present invention is not limited to the embodiments shoWn, 
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4 
but is to be accorded the Widest scope consistent With the 
principles and features disclosed herein. 

The data structures and code described in this detailed 
description are typically stored on a computer-readable 
storage medium, Which may be any device or medium that 
can store code and/or data for use by a computer system. 
This includes, but is not limited to, magnetic and optical 
storage devices such as disk drives, magnetic tape, CDs 
(compact discs) and DVDs (digital versatile discs or digital 
video discs), and computer instruction signals embodied in 
a transmission medium (With or Without a carrier Wave upon 
Which the signals are modulated). For example, the trans 
mission medium may include a communications netWork, 
such as the Internet. 

Trace Checking 
To develop e?icient techniques for trace checking, We 

classify generators into three groups: structurally sequen 
tially deterministic (SSD), functionally sequentially deter 
ministic (FSD) and sequentially non deterministic (SND). 
More details on the generator representations Will be dis 
cussed herein. 

Formal methods can be used to verify that every trace 
emitted by a design is in the set of traces de?ned by a 
generator, i.e. that the design guarantees the property rep 
resented by the generator. This comparison of a design 
against a generator is knoWn as the “re?nement checking” 
problem. In the general case, Where a guarantee generator is 
sequentially non-deterministic, re?nement checking has 
been determined to be PSPACE complete With respect to the 
number of generator states. Existing approaches of re?ne 
ment checking require manual construction of re?nement 
maps or Witness functions. We present practical and tech 
niques for re?nement checking Where the guarantee genera 
tor is restricted to be sequentially deterministic. 

Representation 
DEFINITION 1: Let V be a ?nite set of boolean variables 

{V1, v2, . . . , vn}. A trace over V is an in?nite sequence 

J'IZIGOGI . . . , Where each 0t,- is a complete assignment of 

variables in V at time i. For D g V, 0WD denotes the projec 
tion of assignment 0t to the subset of variables in D. We refer 
to V as the type of trace at. 

We de?ne checkers and generators as special types of 
automata as folloWs. 

DEFINITION 2: A checker is a Mealy machine de?ned by 
the tuple M:<S, so, I, v, fv, fS>, Where S is a ?nite set of 
states, sOeS is the initial state, I:D,UDO is a ?nite set of input 
variables. D, denotes design inputs and DO denotes design 
outputs. D,ODO:O. v is an output variable. fV:S><Z,Q{0,l} 
is the output function, Where 2, represents the set of all 
possible assignments of I. fS:S><Z,—>S is the next state 
function. Both fv and f5 are total functions. 
When composing a guarantee checker With a design under 

test (DUT), D, is connected to the corresponding DUT input 
signals and D0 to the corresponding DUT output signals. 
Both D, and D0 are inputs to the checker. All inputs of a 
checker are connected to their corresponding design signals 
in a proper composition. By our de?nition, a checker is 
deterministic, i.e., there is a single next state and output for 
every current state and input combination. 

Note that an additional restriction can be imposed on 
checkers. In particular, the valid signal may only depend on 
variables in SUDO, but not in D,. fV:S><ZDOQ{0,l}. The 
restriction is referred to as “output separability.” Such 
restricted checkers are suf?cient to specify behaviors that 
can be modeled as Moore machines. 
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DEFINITION 3: Assume TE:(XO(Xl . . . is an in?nite trace 

of type DIUDO. at is accepted by M, or J'EIIM, iff there exists 
an in?nite sequence of states SIsOsl . . . such that (1) s0 is 

the initial state; (2) Vi si+l:fS(sl-, (xi); (3) Vi fwsi, (xi):l. We 
interpret a checker as the set of all traces I(M) accepted by 
M, formally, I(l\v/I):{rc|rc|:l\v/I}. 
DEFINITION 4: A generator is a Mealy machine de?ned 

by the tuple M:<S, so, I, O, f0, fS>, Where S is a ?nite set 
of states, sOeS is the initial state, IIDAJP is a ?nite set of 
input variables. D, denotes the set of design inputs (or 
non-parametric inputs), and P denotes the set of parametric 
inputs. OIDO is a ?nite set of output variables. DO denotes 
the set of design outputs. IOOIO. fO:S><ZI—>ZO is the output 
function, Where 2, and 20 represent the set of all possible 
assignments of I and O, respectively. fS:S><Z,—>S is the next 
state function. Both f0 and f5 are total functions. 

Parametric input variables P model non-determinism in a 
generator. 
DEFINITION 5: Assume TE:(XO(Xl . . 

of type DIUO. at is generated by M, or J'EIIM, iff there exists 
an in?nite sequence of states SIsOsl . . . and an in?nite trace 

(F6061 . . . of type P, such that (1) s0 is the initial state; (2) 

vi Si+l:fS(Si$ aiiDI’ [31‘); (3) vi (xiiDO:fO(Si$ ailDI’ [31‘); We 
a 

interpret a generator as the set of all traces generated by M, 

. . is an in?nite trace 

Special Cases 

DEFINITION 6: A generator M is sequentially determin 
istic if there is a single next state for each assignment of S, 
D, and DO, i.e. 

To“, d1P):f0(5, d1P')_)fs(5,d1P):fs(5,d1PQ (1) 

Where s, d, and do denote vectors of state variables, design 
input variables, and design output variables, respectively. 
A checker, by our de?nition, is sequentially deterministic, 

if We treat the checker’s validity output fv as a speci?c 
instance of the general generator output function f0. Its next 
state is determined by the assignment of variables in S, D, 
and DO. The difference betWeen a checker and a sequentially 
deterministic generator lies in their combinational represen 
tations of design outputs. A checker uses a relation to 
represent design outputs, i.e. fv(s, d1, do):l. A generator 
uses a function With parametric inputs, i.e. f0(d,, s, p). An 
equivalent relation can be obtained by explicitly introducing 
the output variables do and quantifying the parametric 
inputs, i.e. fv(s, d1, dO):E|p(dO:f0(dZ, s, p)). Each represen 
tation can be more suitable in certain situations. For 
example, the set of variable assignments d that satis?es a 
boolean formula B can be expressed a relation B(d):l. On 
the other hand, the set of composite natural numbers is more 
easily expressed as a function With parametric inputs dqxy. 

Methodology 
FIG. 1 illustrates a simple system With tWo functional 

blocks, A and B. The veri?cation task is to check that When 
the inputs to block A are driven by the outputs of block B, 
the outputs of A satisfy property Q. The simplest Way to 
attack this problem is simply to connect B to A and search 
for an input sequence to B that causes the outputs of A to 
violate Q. A variety of methods can be used for this search, 
including simulation of random vectors or manually con 
structed sequences, or formal methods such as model check 
ing. In any of these techniques, the siZe of the system can 
become an impediment to the effectiveness of the search. It 
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6 
can be very dif?cult to ?nd inputs to B that cause it to emit 
sequences that Will exercise A thoroughly and expose any 
possible violations of Q. 

Compositional veri?cation enables much more effective 
searching for erroneous behaviors. To enable compositional 
veri?cation, the system designer must provide additional 
block speci?cations in a form that veri?cation tools can 
interpret. In FIG. 2, property P has been introduced to 
specify the legal communication betWeen blocks A and B. 
Block A is required to guarantee property Q, under the 
assumption that its inputs obey property P. Block B is then 
required to guarantee property P. The system veri?cation 
problem, to check that A and B connected Will together 
guarantee Q, has thus been broken into tWo simpler block 
veri?cation problems. 

This becomes a simple example of assume-guarantee 
reasoning: if A can guarantee Q assuming P, and B can 
guarantee P, then one can conclude that the system com 
posed of A and B Will guarantee Q. Note that the converse 
is not true. It is possible to err in expressing P so that the 
entire system does guarantee Q, yet one or both of the block 
veri?cations fails. Compositional veri?cation requires accu 
rate block speci?cation. What this approach accomplishes is 
to achieve dramatically more effective block level searches 
for design errors. 

In a previous section of this speci?cation We de?ned tWo 
forms of speci?cation, checkers and generators. Consider 
property P. In performing compositional veri?cation of our 
simple example, one has a choice to express P in the form 
of a checker or in the form of a generator. Let us examine 
the consequences of this decision. 

If P is expressed as a checker, the block veri?cation of B 
becomes possible through conventional simulation methods. 
The sequence of outputs of B are simply fed into the checker 
inputs and the checker output is observed. If the output is 
ever observed to have a 0 value, a property violation Will 
have been detected. Simulation of block A is a bit more 
challenging, though. At each simulation cycle, an input 
vector must be constructed for Which the checker for P Will 
output a 1 value. P may Well have a changing internal state, 
so this input vector construction problem is changing cycle 
by cycle. Previous research has studied techniques to effi 
ciently solve this stimulus generation problem. 

If P is instead expressed as a generator, simulation of 
block A becomes very straightforward. One simply drives 
the parametric inputs of the generator for P With directed or 
random stimulus, and observes the output of a checker for 
property Q. In this case, it is the simulation of block B that 
becomes more dif?cult. To verify the block simulation, one 
must check if the design output can be matched by the 
generator output. The dif?culty here is to ?nd parametric 
input assignments that produce a matching generator output. 
The techniques We develop beloW address this problem of 

block veri?cation When the property the block is required to 
guarantee is expressed as a generator. We Will consider both 
simulation and formal veri?cation techniques. Simulation 
generates a single trace, Which then can be compared against 
the set of traces of the generator. In formal veri?cation the 
block itself is analyZed to check the complete set of output 
traces it can emit. 

With these trace checking and re?nement checking tech 
niques, tool support becomes available for every combina 
tion of role and representation. Thus, the decision of Which 
representation to use need not be constrained by tool support 
limitations. Ease of expression for a particular trace set 
remains a criterion. Ef?cient tool processing is also a crite 
rion. A checker or generator is often Written at Register 
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Transfer Level (RTL) in a High Level Design Language 
such as Verilog, or in some assertion language. Using a 
checker as a guarantee and a generator as an assumption can 

take advantage of RTL simulation, and is therefore very 
ef?cient. Both stimulus generation and trace checking typi 
cally involve formal reasoning and are often sloWer. To use 
a checker as an assumption, a simulator must interact With 

stimulus generation each cycle to obtain legal input stimu 
lus. It is observed that simulation generation time represents 
a signi?cant portion of total simulation time, sometimes 
more than 50 percent. 

A generator as guarantee, hoWever, can be used of?ineia 
simulator can save the simulation trace in a dump ?le to be 
checked later against the generator. This does not affect 
overall CPU time, but unburdening simulation lets the 
designer more quickly address other bugs and free limited 
resources such as softWare licenses for EDA simulation tools 
and computer memory. Thus, it seems from a tool ef?ciency 
perspective, the generator representation has an overall 
ef?ciency advantage. 

FloW Summary and Context 
Before proceeding further With the description, it may be 

helpful to place this process in context. FIG. 3 shoWs a 
simpli?ed representation of an exemplary digital ASIC 
design How. At a high level, the process starts With the 
product idea (step 300) and is realiZed in a EDA softWare 
design process (step 310). When the design is ?naliZed, it 
can be taped-out (event 340). After tape out, the fabrication 
process (step 350) and packaging and assembly processes 
(step 360) occur resulting, ultimately, in ?nished chips 
(result 370). 
The EDA softWare design process (step 310) is actually 

composed of a number of steps 312*330, shoWn in linear 
fashion for simplicity. In an actual ASIC design process, the 
particular design might have to go back through steps until 
certain tests are passed. Similarly, in any actual design 
process, these steps may occur in different orders and 
combinations. This description is therefore provided by Way 
of context and general explanation rather than as a speci?c, 
or recommended, design How for a particular ASIC. 
A brief description of the components steps of the EDA 

softWare design process (step 310) Will noW be provided: 
System design (step 312): The designers describe the func 

tionality that they Want to implement, they can perform 
What-if planning to re?ne functionality, check costs, etc. 
Hardware-software architecture partitioning can occur at 
this stage. Exemplary EDA softWare products from Syn 
opsys, Inc. that can be used at this step include Model 
Architect, Saber, System Studio, and DesignWare® prod 
ucts. 

Logic design and functional veri?cation (step 314): At this 
stage, the VHDL or Verilog code for modules in the 
system is Written and the design is checked for functional 
accuracy. More speci?cally, does the design as checked to 
ensure that produces the correct outputs. Exemplary EDA 
softWare products from Synopsys, Inc. that can be used at 
this step include VCS, VERA, DesignWare®, Magellan, 
Formality, ESP and LEDA products. 

Synthesis and design for test (step 316): Here, the VHDL/ 
Verilog is translated to a netlist. The netlist can be 
optimiZed for the target technology. Additionally, the 
design and implementation of tests to permit checking of 
the ?nished chip occurs. Exemplary EDA softWare prod 
ucts from Synopsys, Inc. that can be used at this step 
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8 
include Design Compiler®, Physical Compiler, Test 
Compiler, PoWer Compiler, FPGA Compiler, Tetramax, 
and DesignWare® products. 

Design planning (step 318): Here, an overall ?oorplan for 
the chip is constructed and analyZed for timing and 
top-level routing. Exemplary EDA softWare products 
from Synopsys, Inc. that can be used at this step include 
Jupiter and Flooplan Compiler products. 

Netlist veri?cation (step 320): At this step, the netlist is 
checked for compliance With timing constraints and for 
correspondence With the VHDL/Verilog source code. 
Exemplary EDA softWare products from Synopsys, Inc. 
that can be used at this step include VCS, VERA, For 
mality and PrimeTime products. 

Physical implementation (step 322): The placement (posi 
tioning of circuit elements) and routing (connection of the 
same) occurs at this step. Exemplary EDA softWare 
products from Synopsys, Inc. that can be used at this step 
include the Astro product. 

Analysis and extraction (step 324): At this step, the circuit 
function is veri?ed at a transistor level, this in turn permits 
What-if re?nement. Exemplary EDA softWare products 
from Synopsys, Inc. that can be used at this step include 
Star RC/XT, Raphael, and Aurora products. 

Physical veri?cation (step 326): At this step various check 
ing functions are performed to ensure correctness for: 
manufacturing, electrical issues, lithographic issues, and 
circuitry. Exemplary EDA softWare products from Syn 
opsys, Inc. that can be used at this step include the 
Hercules product. 

Resolution enhancement (step 328): This step involves 
geometric manipulations of the layout to improve manu 
facturability of the design. Exemplary EDA softWare 
products from Synopsys, Inc. that can be used at this step 
include iN-Phase, Proteus, and AFGen products. 

Mask data preparation (step 330): This step provides the 
“tape-out” data for production of masks for lithographic 
use to produce ?nished chips. Exemplary EDA softWare 
products from Synopsys, Inc. that can be used at this step 
include the CATS(R) family of products. 

Trace Checking 
The trace checking process can take place during the logic 

design and functional veri?cation step 314 described above. 
The trace checking problem is de?ned as folloWs. Given 

a 

a trace TE:(XO(Xl . . . and a generator M, check Whether at can 

be generated by M, or mathematically, J'EIIM. 
The trace checking problems arise in practice When a 

generator is used as a guarantee in simulation. To be 
compatible With Well-established theories on temporal logic, 
We have de?ned traces to be in?nite. Any actual simulation 
runs, hoWever long, must terminate and therefore Will pro 
duce only ?nite traces. In this example, We focus on safety 
properties, for Which a simple solution exists. A ?nite trace 
satis?es a generator ilf it is a pre?x of a satisfying in?nite 
trace. 

The techniques presented in this section determine 
Whether the ?nite pre?x can indeed be generated. A genera 
tor provides at least one legal output for every combination 
of generator state and non-parametric input. Thus, any ?nite 
trace generated by a generator can be extended inde?nitely, 
by simulating the generator With arbitrary input combina 
tions and using the corresponding input/output assignments 
to extend the ?nite trace. Thus, any ?nite trace generated by 
a generator is a pre?x of some in?nite trace generated by the 
generator. In contrast, a checker can have one or more 
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combinations of checker states and inputs for Which no 
output is accepted as valid. These states are knoWn as 
dead-end states. A ?nite trace can exist Which the checker 
accepted as valid at every step, but if that trace leads to such 
a dead-end state, then the trace cannot be extended. Thus, the 
fact that a checker has accepted a ?nite trace does not imply 
that that ?nite trace is a pre?x of any in?nite trace that the 
checker Would accept. 

Referring to the How chart illustrated in FIG. 4, at a very 
high level, the trace checking problem proceeds as folloWs. 
The system ?rst receives a speci?cation for a generator (step 
402), Wherein the generator is a ?nite state machine that 
de?nes a set of inputs and outputs, and Wherein the generator 
may contain parametric inputs to model non-determinism. 
The system also receives the trace to be veri?ed (step 404), 
Wherein this trace is a sequence of assignments of non 
parametric inputs and outputs for the generator, and Wherein 
the trace does not contain assignments of parametric inputs. 

Next, the system uses the speci?cation to build a data 
structure that can be used to determine if a non-parametric 
input and output are consistent With the parametric input and 
output for the generator (step 406). The system then veri?es 
elements of the trace (step 408), Wherein verifying the trace 
involves using the data structure to determine if there exists 
any parametric input assignment that causes a match 
betWeen non-parametric inputs and outputs of the generator 
With the ones speci?ed in the trace. 

Sequentially Deterministic 
We noW present trace checking techniques for sequen 

tially deterministic generators. We further divide the class 
into structurally sequentially deterministic (SSD) generators 
and functionally sequentially deterministic (FSD) genera 
tors. 

SSD 

For SSD generators, the next state function f5 is expressed 
as the composition of functions JCS:S><ZDI><ZO—>S and fozsx 
E D 1x2 PQZ O. Namely, 

TABLE 3 

return pass; 

TABLE 4 

module oneBitError(clk, rst; di, nd; do); 
input clk, rst; 
input [7:0] di; 
input [2:0] nd; 
output [7:0] do; 
reg [7:0] state; 
reg [7:0] do; 
alWays @(posedge clk or posedge rst) begin 

if (rst) 
state <= 0; 
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TABLE 4-continued 

else 
state <= di; 

end 
always @(state or nd) begin 

do = state; 

do[nd] = ~do[nd]; 
end 
endmodule 

Such decomposition, if it exists, signi?cantly simpli?es 
the trace checking problem. In particular, JQ’S can be used to 
ef?ciently compute the next state of an SSD generator. A 
trace checking technique is illustrated in Table 3. In Table 3, 
at denotes the length of input trace at. Furthermore, v, and v0 
denote assignments of design input variables (d,) and design 
output variables (do), respectively. The relation R betWeen 
s, d, and do is represented as a binary decision diagram 
(BDD) (For a description of a BDD see R. E. Bryant, 
“Graph-based Algorithms for Boolean Function Manipula 
tion,” IEEE Transactions on Computers, C-35(8): 6774691, 
August 1986.) 

Table 4 shoWs an example of SSD generator in Verilog. In 
an SSD generator, next state functions do not directly 
depend on parametric inputs. Design inputs, design outputs 
and current states should form a cut in the fanin logic of 
every next state assignment. The cut can be computed by 
syntactical analysis of an SSD generator. Table 4 presents a 
special case Where next state (state) depends only on design 
inputs (di). 

Complexity Analysis 
We noW analyZe the complexity of the SSD trace check 

ing technique in accordance With an embodiment of the 
present invention. There is a one-time cost to compute BDD 
R by quantifying parametric inputs p. For each simulation 
cycle, there is a cost to verify the correctness of design 
outputs and compute the next state of the generator. Design 
outputs are veri?ed by evaluating R(state, v1, v0) and 
checking for the Zero result. The cost of the operation is 
O(|S|+|D,l+|DO|), Where ISI, ID]! and IDOI denote the numbers 
of state variables, design inputs and design outputs, respec 
tively. Note that the complexity is independent of the siZe of 
BDD R, Which in the Worst case is exponential in the total 
number of variables. The next state is computed by evalu 
ating its (state, v1, v0). This cost is linear in the siZe of 
generator representation. In practice, if a generator is Written 
in RTL, its next state can be computed using RTL simula 
tion. 

TABLE 5 

procedure stimulus—generation( M ) { 

state <_so; 
for(i=0;i < SimCycles; i++) { 

read(vI); 
R'(vo)<— cofactor(R,{vI, state}); 
v0 <—random—pick(R'); 
state <—fs (v1, v0, state); 
Write(vO); 

Table 5 outlines a technique for stimulus generation for 
comparison. Let us suppose that a checker M and a generator 
a 

M specify a set of traces using the same state encoding. In 
this case, the tWo BDDs (R) of stimulus generation and trace 
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checking are equal. In each simulation cycle, stimulus 
generation obtains an assignment v, of design input signals 
d, from a simulator. The cofactor operation to compute the 
set R' of legal assignments of design outputs do is O(|R|). If 
all variables do are ordered at the bottom of BDD R, the 
cofactor R' can be computed in O(|S|+|D,l). Such variable 
orderings, hoWever, often lead to BDD siZe explosion. Note 
that interleaving bits of a data path is a Way to achieve a 
compact BDD representation. 

To pick an arbitrary assignment v0 from R' is O(|DO|). It 
is desirable in practice to generate v0 With certain probabil 
ity distributions. One can bias individual bits of do by 
traversing the BDD R' and assigning Weights to its BDD 
nodes. The time complexity of this technique is O(|R'|). This 
technique assumes independence among individual bits and 
cannot achieve all possible Word level distributions. The 
technique We have described is essentially the SimGen 
technique (described in J. Yuan, K. ShultZ, C. Pixley, H. 
Miller and A. AZiZ, “Modeling Design Constraints and 
Biasing in Simulation using BDDs,” Proc. Inll. Conference 
on Computer-Aided Design, pp. 584589, November 1999) 
and has the same complexity. Note that SimGen achieves 
more practical speed by avoiding BDD operations, operating 
instead directly on the ?xed BDD R. 

We noW compare the costs of trace checking and stimulus 
generation. In the both approaches, there is one-time cost to 
compute BDD R and the memory usage is dominated by 
computing BDD R and storing R during simulation. The 
difference is in simulation time cost. For trace checking, per 
cycle cost is O(|S|+|D,l+|DO|). For stimulus generation, the 
cost is O(|R|). The siZe of BDD R is in the Worst case 
exponential in the number of variables. Therefore, per cycle 
time cost of stimulus generation can be much higher than 
that of trace checking. It is important to minimiZe per cycle 
simulation overhead, as a thorough simulation can require 
thousands or even millions of cycles. 

FSD 

In some cases, a generator obeys equation (1), but its next 
state function is not expressed as a composition fs?fsofo. 
We call such generators functionally sequentially determin 
istic (FSD). The condition de?ned by Equation (1) can be 
veri?ed by evaluating the expression using BDD operations. 
This evaluation involves building BDDs for the next state 
function and can be expensive. Alternatively, the condition 
can be checked dynamically as a part of trace checking. 

TABLE 6 

procedure trace—check—fsd( lT/I , n) { 

return pass; 
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12 
A technique for FSD trace checking is illustrated in Table 

6. The cofactor operation returns a set of parametric inputs 
assignments P that can produce generator outputs v0. With 
the CHECK-FSD option turned on, the technique computes 
the set of next states by image computation While constrain 
ing design inputs to be v, and parametric inputs to be in P, 
and it checks that the set is a singleton, i.e. all parametric 
inputs in P lead to a single next state. In fact, the FSD 
technique is sound With a someWhat more general condition 
Equation (1) only has to hold for the speci?ed design inputs 
from a trace and reached states. 

Optimizations 
So far, We have proposed to use BDDs to implement trace 

checking techniques. In particular, relation R is represented 
as a BDD With s, d, and do as variables. The advantage of 
this static approach is that per cycle cost of trace checking 
is minimized. In some cases, hoWever, computing the BDD 
may be too expensive in either time or memory usage. 

Let us re-examine the technique illustrated in Table 3. An 
important operation on R is its evaluation after substitution 
of state, design input and output variables. Rather than 
building a BDD for R, We can simply maintain do:fo(s, d’, 
p) as a boolean expression, i.e. We can omit the explicit 
quanti?cation of the p variables. At each cycle, We substitute 
the do, s, and d, variables in this expression With their 
assigned values and obtain a much simpli?ed expression 
With only p variables. NoW there are tWo choices. 

We can either build a BDD for the simpli?ed expression 
and test for its emptiness or use a SAT solver to test the 
unsatis?ability of the expression. Both operations are much 
cheaper than computing a BDD for R. Unfortunately, the 
operations must be repeated for each cycle of the simulation. 
This technique also applies to the FSD procedure illustrated 
in Table 6. In particular, We can use a SAT solver to ?nd an 
assignment “p” of parametric inputs instead of computing 
cofactor of BDD R. The FSD condition can be veri?ed by 
proving any tWo legal parametric input assignments lead to 
a same next state. This veri?cation can be expressed as an 

unsatis?ablity problem and therefore can be handled by a 
SAT solver as Well. 

Sequentially Non-Deterministic 
A generator is sequentially non-deterministic (SND) if 

legal parametric inputs can lead to distinct next states, each 
of Which may later pass or fail the trace under test. In this 
case, a set of “accepting” generator states must be main 
tained for each simulation cycle, and trace checking is 
essentially reachability analysis With input/output con 
straints. Table 7 presents a technique for this general case of 
generators. 

TABLE 7 

retum pass; 
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Re?nement Checking 
We consider formal re?nement checking as a comparison 

a 

of tWo Mealy machines, a module machine M’":<S’", so’", 

D1, 0, fo’", fS'">, and a generator machine ?g:<Sg, sog, I, 
O, fog, fsg>, Where IIDIUP, i.e. the generator has some 
extra parametric inputs to model non-determinism. The 
general re?nement checking problem is to verify Whether 
every input/output trace of the module can be observed in 
the generator (after projecting out the parametric inputs). 
The special case of sequentially deterministic generators 
permits a more e?icient solution than the general case. In 
this special case, We can explore the state space of the 
product machine, considering only transitions for Which the 
output of the generator matches the output of the module, i.e. 
We can form the constrained product machine transition 
relation 

A (55 = 11%;". d]. p» 

my. 55;. 51.". s5) = 1 p1 d, 

At each state of the product machine reachable by Way of 
these transitions, there must be a generator output corre 
sponding to every module output, i.e. the product state must 
satisfy 

Thus, the special case of re?nement checking for sequen 
tially deterministic generators can be reduced to a classical 
model checking problem of a safety property, checking that 
the initial state (so’", sog) satis?es the CTL property AGv in 
the transition system de?ned by T. 

This approach to re?nement checking actually handles a 
someWhat broader class of generators than just sequentially 
deterministic. In a sequentially deterministic generator there 
Will be only one generator next states s”g corresponding to 
a product machine present state (spm, spg) and design input 
d1. But our re?nement check Will alloW several correspond 
ing next states, as long as each of them satis?es AGv. While 
We can thus verify re?nement in a someWhat broader class 
of generators than the sequentially deterministic class, this is 
still much narroWer than re?nement in general, Where an 
arbitrary non-empty subset of corresponding generator next 
states needs to exist that can carry forWard the correspon 
dence. 

Formal Checking 
As discussed above, re?nement checking for sequentially 

deterministic generators reduces to a safety property check. 
A Wide variety of techniques have been explored for such 
checks. In one embodiment of the present invention, We can 
use the abstraction re?nement approach described in D. 
Wang, P.-H. Ho, J. Long, J. H. Kukula, Y. Zhu, H.-K. T Ma 
and R. Damaino, “Formal Property Veri?cation by Abstrac 
tion Re?nement With Formal, Simulation and Hybrid 
Engines,” Design Automation Conference, pp. 35*40, 2001. 
This embodiment requires the transition system and property 
to be provided in the form of an RTL circuit. A BDD can be 
computed for property v of equation (3). A circuit for y can 
then be synthesiZed from this BDD, in the form of a 
multiplexer netWork. 

Building a circuit for the transition system T of equation 
(2) is a bit more challenging. What is required is that the 
parametric inputs p of the generator be constrained so that 
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14 
the module and generator outputs correspond at every cycle. 
In a simulation-based methodology, this Would form a 
classical constrained stimulus generation problem. For our 
formal re?nement checking implementation We used a sim 
pler method. We added an auxiliary state bit to the product 
machine, initially assigned to 1 and remaining 1 just as long 
as the input constraint is satis?ed. This bit is then used to 
qualify the predicate v, so a property violating state is one 
Where VIO, reached by a path on Which the module and 
generator outputs have corresponded at all previous time 
steps. 
The foregoing descriptions of embodiments of the present 

invention have been presented only for purposes of illustra 
tion and description. They are not intended to be exhaustive 
or to limit the present invention to the forms disclosed. 
Accordingly, many modi?cations and variations Will be 
apparent to practitioners skilled in the art. Additionally, the 
above description is not intended to limit the present inven 
tion. The scope of the present invention is de?ned by the 
appended claims. 
What is claimed is: 
1. A method for verifying Whether a trace can be produced 

by a generator, comprising: 
receiving a speci?cation for the generator, Wherein the 

generator is a ?nite state machine that de?nes a set of 
inputs and outputs, and Wherein the generator contains 
parametric inputs to model non-determinism; 

receiving the trace, Wherein the trace is a sequence of 
assignments of non-parametric inputs and outputs for 
the generator, and Wherein the trace does not contain 
assignments of parametric inputs; 

using the speci?cation to build a data structure that can be 
used to determine if a non-parametric input and output 
are consistent With the current state of the generator; 

verifying elements of the trace, Wherein verifying a given 
element involves using the data structure to determine 
if there exists any parametric input assignment that 
causes a match betWeen non-parametric inputs and 
outputs of the generator With the ones speci?ed in the 
given element of the trace; and 

if the speci?cation of the generator is sequentially deter 
ministic, and hence does not depend on parametric 
inputs, translating the generator into a checker and 
using that checker to verify the trace. 

2. The method of claim 1, 
Wherein the generator is sequentially deterministic, Which 

means that there exists a single next state for each 
combination of current state, non-parametric input, and 
output; and 

Wherein using the data structure to determine if there 
exists any parametric input assignment involves, 
using the data structure to perform a satis?ability test to 

determine if there exist any parametric inputs that 
can match the non-parametric input and output 
assignment of the generator With the ones of the trace 
at a current state, and 

computing a unique next state based on the current 
state, the non-parametric input and the output. 

3. The method of claim 1, 
Wherein the generator is sequentially non-deterministic, 

Which means that the next state can depend on a 

parametric input, and consequently there can exist 
more than one next state for some combinations of 

current state, non-parametric input, and output; and 
Wherein using the data structure to determine if there 

exists any parametric input assignment involves deter 
mining a set of next states; 
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wherein determining the set of next states involves con 
sidering all possible parametric inputs, all states in a 
current set of states, the non-parametric input and the 
output; 

Wherein if there exists at least one state in the set of next 
states, the non-parametric input and output are consis 
tent With the generator. 

4. The method of claim 3, Wherein determining the set of 
next states involves computing a forward image and con 
straining the parametric input and output to their assign 
ments in the trace. 

5. The method of claim 1, Wherein the trace is produced 
by a simulation of a system under test. 

6. The method of claim 1, Wherein the data structure is in 
the form of a binary decision diagram (BDD). 

7. The method of claim 1, Wherein if for all possible 
parametric inputs the non-parametric input and output are 
not consistent With a generator output, the trace is not valid. 

8. A computer-readable storage medium storing instruc 
tions that When executed by a computer cause the computer 
to perform method for verifying Whether a trace can be 
produced by a generator, comprising: 

receiving a speci?cation for the generator, Wherein the 
generator is a ?nite state machine that de?nes a set of 
inputs and outputs, and Wherein the generator contains 
parametric inputs to model non-determinism; 

receiving the trace, Wherein the trace is a sequence of 
assignments of non-parametric inputs and outputs for 
the generator, and Wherein the trace does not contain 
assignments of parametric inputs; 

using the speci?cation to build a data structure that can be 
used to determine if a non-parametric input and output 
are consistent With a parametric input and output for the 
generator; 

verifying elements of the trace, Wherein verifying a given 
element involves using the data structure to determine 
if there exists any parametric input assignment that 
causes a match betWeen non-parametric inputs and 
outputs of the generator With the ones speci?ed in the 
given element of the trace; and 

if the speci?cation of the generator is sequentially deter 
ministic, and hence does not depend on parametric 
inputs, translating the generator into a checker and 
using that checker to verify the trace. 

9. The computer-readable storage medium of claim 8, 
Wherein the generator is sequentially deterministic, Which 
means that there exists a single next state for each 
combination of current state, non-parametric input, and 
output; and 

Wherein using the data structure to determine if there 
exists any parametric input assignment involves, 
using the data structure to perform a satis?ability test to 

determine if there exist any parametric inputs that 
can match the non-parametric input and output 
assignment of the generator With the ones of the trace 
at a current state, and 

computing a unique next state based on the current 
state, the non-parametric input and the output. 

10. The computer-readable storage medium of claim 8, 
Wherein the generator is sequentially non-deterministic, 

Which means that the next state can depend on a 

parametric input, and consequently there can exist 
more than one next state for some combinations of 

current state, non-parametric input, and output; and 
Wherein using the data structure to determine if there 

exists any parametric input assignment involves deter 
mining a set of next states of a generator; 
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16 
Wherein determining the set of next states involves con 

sidering all possible parametric inputs, all states in a 
current set of states, the non-parametric input and the 
output; 

Wherein if there exists at least one state in the set of next 
states, the non-parametric input and output are consis 
tent With the generator. 

11. The computer-readable storage medium of claim 10, 
Wherein determining the set of next states involves comput 
ing a forWard image and constraining the parametric input 
and output to their assignments in the trace. 

12. The computer-readable storage medium of claim 8, 
Wherein the trace is produced by a simulation of a system 
under test. 

13. The computer-readable storage medium of claim 8, 
Wherein the data structure is in the form of a binary decision 
diagram (EDD). 

14. The computer-readable storage medium of claim 8, 
Wherein if for all possible parametric inputs the non-para 
metric input and output are not consistent With a generator 
output, the trace is not valid. 

15. An apparatus that veri?es Whether a trace can be 
produced by a generator, comprising: 

a receiving mechanism con?gured to receive a speci?ca 
tion for the generator, Wherein the generator is a ?nite 
state machine that de?nes a set of inputs and outputs, 
and Wherein the generator contains parametric inputs to 
model non-determinism; 

Wherein the receiving mechanism is additionally con?g 
ured to receive the trace, Wherein the trace is a 
sequence of assignments of non-parametric inputs and 
outputs for the generator, and Wherein the trace does 
not contain assignments of parametric inputs; 

a data structure building mechanism con?gured to use the 
speci?cation to build a data structure that can be used 
to determine if a non-parametric input and output are 
consistent With a parametric input and output for the 
generator; 

a veri?cation mechanism con?gured to verify elements of 
the trace, Wherein verifying a given element involves 
using the data structure to determine if there exists any 
parametric input assignment that causes a match 
betWeen non-parametric inputs and outputs of the gen 
erator With the ones speci?ed in the given element of 
the trace; and 

a translation mechanism con?gured to translate the gen 
erator into a checker and use that checker to verify the 
trace if the speci?cation of the generator is sequentially 
deterministic, and hence does not depend on parametric 
inputs. 

16. The apparatus of claim 15, 
Wherein the generator is sequentially deterministic, Which 

means that there exists a single next state for each 
combination of current state, non-parametric input, and 
output; and 

Wherein While using the data structure to determine if 
there exists any parametric input assignment, the veri 
?cation mechanism is con?gured to, 
use the data structure to perform a satis?ability test to 

determine if there exist any parametric inputs that 
can match the non-parametric input and output 
assignment of the generator With the ones of the trace 
at a current state, and to 

compute a unique next state based on the current state, 
the non-parametric input and the output. 
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17. The apparatus of claim 15, 
wherein the generator is sequentially non-deterministic, 

Which means that the next state can depend on a 

parametric input, and consequently there can exist 
more than one next state for some combinations of 

current state, non-parametric input, and output; and 
Wherein While using the data structure to determine if 

there exists any parametric input assignment, the veri 
?cation mechanism is con?gured to determine a set of 
next states of a generator; 

Wherein determining the set of next states involves con 
sidering all possible parametric inputs, all states in a 
current set of states, the non-parametric input and the 
output; 

Wherein if there exists at least one state in the set of next 
states, the non-parametric input and output are consis 
tent With the generator. 

18. The apparatus of claim 17, Wherein While determining 
the set of next states the veri?cation mechanism is con?g 
ured to compute a forWard image and constraining the 
parametric input and output to their assignments in the trace. 

19. The apparatus of claim 15, Wherein the trace is 
produced by a simulation of a system under test. 

20. The apparatus of claim 15, Wherein the data structure 
is in the form of a binary decision diagram (EDD). 

21. The apparatus of claim 15, Wherein if for all possible 
parametric inputs the non-parametric input and output are 
not consistent With a generator output, the trace is not valid. 

22. A means for verifying Whether a trace can be produced 
by a generator, comprising: 
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a receiving means for receiving a speci?cation for the 

generator, Wherein the generator is a ?nite state 
machine that de?nes a set of inputs and outputs, and 
Wherein the generator contains parametric inputs to 
model non-determinism; 

Wherein the receiving means is additionally con?gured to 
receive the trace, Wherein the trace is a sequence of 
assignments of non-parametric inputs and outputs for 
the generator, and Wherein the trace does not contain 
assignments of parametric inputs; 

a data structure building means con?gured to use the 
speci?cation to build a data structure that can be used 
to determine if a non-parametric input and output are 
consistent With a parametric input and output for the 
generator; 

a veri?cation means con?gured to verify elements of the 
trace, Wherein verifying a given element involves using 
the data structure to determine if there exists any 
parametric input assignment that causes a match 
betWeen non-parametric inputs and outputs of the gen 
erator With the ones speci?ed in the given element of 
the trace; and 

a translation means con?gured to translate the generator 
into a checker and use that checker to verify the trace 
if the speci?cation of the generator is sequentially 
deterministic, and hence does not depend on parametric 
inputs. 


